A variable tandem repeat (VTR) is responsible for the hyperallelism one kilobase 3' to the human c-Ha-ras-1 (Ha-ras) gene. Thirty-two distinct restriction fragments, comprising 3 allelic classes by frequency of occurrence, have thus far been detected in a sample size of approximately 800 caucasians. Rare Ha-ras alleles, 21 in all, are almost exclusively confined to the genomes of cancer patients (p < 0.001). From our data we have computed the relative cancer risk associated with possession of a rare Ha-ras allele to be 27.
Introduction
Several recent studies have reported that a collection of rare allelic fragments at the highly polymorphic c-Ha-ras-1 (Ha-ras) locus appeared only in cancer patients (1) (2) (3) . This association has not been obtained in studies of patients with preleukemia (4), lung cancer (5) , or melanoma (6) . In an expanded population survey, we have now sampled approximately 1600 alleles by Southern blot analysis of DNA from 424 cancer-free controls and 369 cancer patients with a wide variety of tumors. Three groups of fragments (common, intermediate, and rare) have been defined by allelic frequency. We have again observed an increased prevalence of rare alleles in cancer patients that is highly significant (p < 0.001). A family history of cancer in our controls has no apparent influence on this result. From these data we have calculated the relative risk of cancer
IlDana-Farber Cancer Institute and Harvard School of Public
Health, Boston, MA 02115.
in individuals possessing a rare Ha-ras allele to be 27, which is comparable to the relative risk of cigarette smoking (7) . Since 10% of all cancer patients demonstrated such alleles, the Ha-ras locus may have general application in risk assessment.
To understand the molecular basis for the anomalous population behavior of Ha-ras alleles, we have begun to clone these genes from the normal tissue of cancer patients. If rare Ha-ras alleles represent abnormal genes, we should be able to characterize the defect(s).
Such an outcome would demonstrate rigorously that inherited lesions of oncogenes occur that are responsible for an increased lifetime risk of developing cancer. Furthermore, we could then exploit this knowledge to refine strategies for predicting risk. We report here our initial investigation of the transforming activity possessed by Ha-ras genes cloned from the lymphocytes of a familial melanoma patient.
Material and Methods

Study Population
As before, our study population consisted ofunrelated caucasians with and without cancer. The tumors were carcinomas of the head and neck (approximately 1% of cases); lung (5%); breast (16%); gastrointestinal tract (5%), including esophagus, stomach, pancreas, liver, (5%), including esophagus, stomach, pancreas, liver, colorectum; genitourinary tract (22%), including kidney, bladder, prostate, testis; and female reproductive tract (8%), including ovary, uterus, cervix, endometrium; as well as lymphoma (18%); melanoma (4%); sarcoma (2%); and myeloma (1%). Acute and chronic leukemia, of lymphocytic and nonlymphocytic origin, accounted for 11%; brain tumors accounted for 2%, nonmelanoma skin cancers for 3%, and tumors of unknown primary for 2%. Thirty ethnic/nationality groups were equally represented in both the cancer and control populations. We have shown that the distribution of rare alleles was not influenced by this factor, since the fraction ofrare alleles contributed by any one ethnic group was proportional to the representation of that group in cancer patients (2) . In this study we have expanded the data from cancer-free controls to include those with a positive history of cancer in first degree relatives.
Ha-ras Genotype Determination
Leukocyte and tumor DNAs were prepared and digested with MspI/HpaII as previously described (1, 2) . Samples were subjected to electrophoresis through 0.7% agarose gels. Southern transfer (8) , hybridization to Ha-ras probe, washing, and autoradiography were performed as before (1, 2) . Fragment sizes were determined by coeletrophoresis of HindIII-digested lambda DNA, and al, a2, a3, and a4 markers (the four most common Ha-ras alleles) on each gel. After this preliminary electrophoresis, a putative new allele was run against previous isolates of similar size. This process confirmed the existence of a new allele and, at the same time, allowed the relative ordering of all the allelic fragments, even though the determination of fragment length was only reproducible to ± 50 bp. Thus, fragment lengths given below represent interpolations.
Cloning of Ha-ras Alleles DNA was purified from EBV-transformed lymphocytes of a patient with familial melanoma (1) . Following digestion with BamHI, the DNA was ligated into the BamHI site of the lambdoid bacteriophage, L47.1 (9) and packaged using a commercial extract (Gigapack, Stratagene). Recombinant phage was plated on a P2 lysogen, and plaques were screened directly by the method of Benton and Davis (10) .' The BamHI fragment of Ha-ras from the plasmid pEC (11)-was nick-translated (12) to determine the influence of coding sequences on transforming activity of the patient clones. To determine the influence of the VTR, the SphI fragment containing this structure was exchanged. Finally, to differentiate the influence of coding exons 1/2 versus exons 3/4, NcoI/ BglII fragments were exchanged (see "Results" and 
Results
VTR Polymorphism at the Ha-ras Locus
The remarkable degree of hyperallelism at the Haras locus is evident, as shown in Table 1 . Thirty-two fragments, in three allelic classes by frequency of occurrence, have been detected thus far. As previously noted (1,2), Ha-ras polymorphism is generated by the variation of a tandemly repetitive sequence, designated the VTR, 3 ' to the gene coding exons. For the most part, rare alleles are easily distinguished from their common counterparts (Fig. 1A) . However, very minor variations, or microheterogeneity, can be reproducibly demonstrated with the appropriate technical precautions (Fig. 1B,C) (2) . The isoschizomers MspI/HpaII, which produce the greatest resolution of polymorphic fragments, are required; several other enzymes, AvaI (4), PvuII (5), and BamHI (16), produce successively larger fragments and are correspondingly insensitive. [Any of these enzymes, or PstI, can be used to confinn that rare alleles are not the result of partial digestion with, or site polymorphism of, MspI/HpaII (Fig. 1D ).] Since minor differences in salt concentration of electrophoresed samples can produce artifactual migration differences, internal migration controls, such as those denoted by the solid bands in panels B and C of Figure  1 (2) . The distribution of alleles is highly statistically significant by chi-square analysis (6 df). The relative risk of possessing a rare allele is 27 (pooling positive and negative family history groups) or 36 (controls without family history of cancer).
Distribution of Ha-ras Alleles in Bladder Cancer Patients
In the population-at-large, intermediate frequency alleles are not associated with cancer to a statistically significant degree. Within particular subgroups, however, patterns may vary. Most of the unusual Ha-ras alleles we detected in a small group of myelodysplastics (1) have proved to be of intermediate frequency. As more of these patients were accumulated, the association of Ha-ras alleles with disease has not been maintained (4 and unpublished observations). Interestingly, several of these myelodysplastics who progressed to 
Analysis of a Unique Ha-ras Allele by Molecular Cloning
We have cloned BamHI fragments containing the Haras transcriptional controls, coding sequences, and variable tandem repeat from the normal DNA of a melanoma patient belonging to a kindred with the dysplastic 
Transforming Activity of Patient's Ha-ras Genes
Activation of ras protooncogenes in tumors occurs by the frequent mutation of codons 12 and 61 (17) . Other mutations, as well as changes which augment transcription, can activate Ha-ras (17) , although the phenotype in these cases is usually far less dramatic than that of 12/61 mutations. When ras genes are activated, they become capable of tumorigenic transformation of growth-regulated cell lines, and the immortalization of normal diploid cell strains (17) . Therefore, we wished to determine if the Ha-ras genes we had cloned from normal tissue of the melanoma patient demonstrated any evidence of lesions which could activate the protooncogene.
To this end, the plasmid subclones containing the common and unique Ha-ras fragments of the melanoma patient were used to transfect NIH 3T3 cells. In G418. When resistant colonies of NIH 3T3 cells first appeared (50-100 cell stage), the plates were trypsinized. Cells were replated at limiting dilution to obtain cell clones that were resistant to G418 and, potentially, contained one or a few copies of either al or a2. 1. We subsequently have checked by Southern blotting of DNA from the cloned NIH 3T3 sublines that this cotransfer did indeed occur. At the same time, the remainder of the cells from this transfection were replated and allowed to become confluent. The results of this first cotransfection are presented in Table 5 . Although cells transfected only with pSV2neo remained flat, 25 to 50% of cells transfected with either the common al or unique a2.1 fragment became transformed under the conditions of the assay. This level of transformation represented a relatively high frequency event and should not be viewed as the simple comparison of 0/2 and 2/2 events. We have two independent confirmations of this assertion. First, all 10 NIH 3T3 subclones we have examined by Southern blotting (5 of which are transformed) are independent transfectants. No common bands are observed except for the expected 2.9-kb SacI fragment containing Haras coding sequences (data not shown). Second, several subclones were chosen because their originating -Iolonies from limiting dilution were flat. These were maintained by passaging at subconfluence until Southern blotting confirmed one to two copies of al or a2. 1. Then 10,000 cells from each of three sublines (neo only, neo + al and neo + a2. 1) were plated and allowed to become confluent. At Ha-ras clones. This seemed unlikely, since the amount of cloned Ha-ras DNA required to produce this effect is more than an order of magnitude greater than that of our protocol. Also, several transformants do not have amplified Ha-ras by Southern blot analysis. However, the pSV2neo we employed contains the SV40 enhancer, so it was possible that increased transcription was obtained by the cotransfection. Therefore, we repeated the experiment described above with two changes. First, no limiting dilution was performed because clones were not desired. Second, another cotransfection pair was added: pSV2neo + the nontransforming Ha-ras protooncogene, pEC. This plasmid is a normal Ha-ras BamHI fragment cloned into pBR322. Once again, cotransfection of al and a2.1 led to transformation of NIH 3T3 cells (Table 6 ). Cells from both the pSV2neo control and the cotransfection involving the protooncogene clone pEC remained untransformed. Therefore, the transformation phenomenon was specific to clones from the patient. Since these clones were obtained from his lymphocyte DNA, not his tumor DNA, we have isolated Ha-ras genes bearing potentially inherited lesions. This result, including transfection with pEC, has now been reproduced in multiple experiments.
Mapping the Regions Responsible for Transforming Activity in pGDal and pGDa2.1
Finally, we have constructed a series of chimeric plasmids in which the coding sequences, promoter/exon (-1) and VTR of a2.1, al, and pEC have been recombined. These exchanges have allowed us to map the region of each Ha-ras clone responsible for the transforming activity detected by cotransfection. In this set of experiments, each chimer was transfected directly or cotransfected with pSV2neo. pEC controls were always present. The results to date are summarized in Table  7 . The transforming activity of a2. 1 resided in the VTRcontaining fragment. For al, the relevant region was the coding sequences, particularly the fragment containing exons 3 and 4. For al, an unusual coding sequence mutation may, therefore, exist. The constructs involving pEC indicated that all regions of this clone may be activated by the appropriate regions of al and a2.1. Hence, our negative control was not artifactually inactive in these assays as the result of some unknown lesion we introduced during, say, pEC DNA purification. Additional information from the chimer experiments was the finding that the a2.1 VTR was active in both orientations, suggesting an enhancerlike function.
Discussion
The basis for the association we have detected, rare Ha-ras alleles in cancer patients, remains obscure. Dis- tinct underlying mechanisms may be responsible in different tumors. We have observed segregation of the disease locus and Ha-ras in a Von Hippel Lindau kindred (2 and unpublished observations) and in families with the dysplastic nevus syndrome/melanoma or familial melanoma (T.G.K. and S.J. Bale, National Cancer Institute, unpublished; 6). Nevertheless, in 19 such melanoma families, we have detected 7 rare alleles ( Fig. 1) (1). This would imply that tandem repeat instability, not Ha-ras, demonstrates the principal association with familial melanoma. Such instability may secondarily affect Ha-ras genes: As we have reported, both the common and unique Ha-ras fragments from lymphocyte DNA of a familial melanoma patient demonstrate weak transforming activity in NIH 3T3 cells.
Whether similar results will be obtained in sporadic cancer cases remains to be determined. If Ha-ras genes linked to rare VTRs accelerate tumor progression, then linkage should eventually be detected in sporadic cancer. If an entirely distinct mechanism, genetic instability leading to the increased frequency of appearance of rare VTRs, is the basis for our observations, then one might expect an increased rate of appearance of new alleles at VTR loci distinct from Ha-ras. Although such did not occur at a VTR locus we have studied on chromsome 10 (2), other hypervariable region probes may prove more informative. Since nontumor Ha-ras clones from the familial melanoma patient display weak activation, despite lack of Ha-ras linkage to the melanoma gene even within this kindred, we have hypothesized that Ha-ras genes upstream from their unstable VTR element may suffer "innocent bystander" lesions during the generation of new VTRs or recombination within/ nearby common VTRs (as with our al clone). Alternatively, the creation of a new VTR may be associated with some effect on Ha-ras expression, such as mRNA stabilization or transcriptional enhancement (as with our a2.1 clone). In sporadic cancer, where no familial disease locus predominates, such lesions may be central to the governance of genetic risk. Further investigation of patient Ha-ras clones, combined with a population analysis of tandem repeats throughout the human genome, should clarify these issues.
